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Abstract — A magnetic tunnel junction (MTJ)-based 
microwave detector is proposed and investigated. When the MTJ 
is excited by microwave magnetic fields, the relative angle 
between the free layer and pinned layer alternates, giving rise to 
an average resistance change. By measuring the average 
resistance change, the MTJ can be utilized as a microwave power 
sensor. Due to the nature of ferromagnetic resonance, the 
frequency of an incident microwave is directly determined. In 
addition, by integrating a mixer circuit, the MTJ-based 
microwave detector can also determine the relative phase 
between two microwave signals. Thus, the MTJ-based microwave 
detector can be used as an on-chip microwave phase and 
spectrum analyzer. 

Index Terms — Ferromagnetic resonance. Interference, 
Magnetic tunnel junction (MTJ), Spin wave. 

I. INTRODUCTION 

Spintronics explores phenomena intertwining eleetronie 
eharge and spin [I]. The ability of spintronies to re-energize 
itself in direetions that germinate new sub fie Ids has made it 
one of the most fertile grounds for basie researeh aimed at 
future applieations. It has also erueially relied on the 
diseovery of new materials and heterostruetures where eontrol 
over spin-dependent properties of interfaees is essential. The 
first-generation spintronies [2-4] were primarily foeused on 
giant magneto resistanee (GMR) in EM (ferromagnetie)/NM 
(normal metal)/FM spin valves (SVs) and tunneling magneto 
resistanee (TMR) in FM/I (insulator)/FM magnetie tunnel 
junetions (MTJs). The GMR and TMR are defined as 
(Rap ~ Rp)/Rp, where Rap and Rp are the resistanees when 
magnetizations in two ferromagnetie layers are parallel and 
antiparallel, respeetively. On the other hand, the so-ealled 
second-generation spintronies [5] aims to harness spin 
eoherenee (preeessing spins), in whieh a persistent eonponent 
of the spin ean be maintained transverse to an applied 
magnetie field or magnetization, as well as low-dissipation 
(i.e., not aeeonpanied by any net eharge flux) pure spin 
eurrents [6]. 

The diseovery of spintronie deviees has already led to 
breakthroughs in hard disk reeording teehnologies [7]. 
Intensive researeh is also underway to develop magnetie 
random aeeess memory featuring non-volatility, high density, 
high speed, and low energy eonsunption [7]. The studies of 
seeond-generation spintronie deviees have also promised an 
array of mierowave deviees where spin dynamies plays a key 


role. For exanple, a new type of mierowave deteetor has been 
demonstrated in whieh the magnetization is preeessed by 
mierowaves in a nano- to mieron-sized MTJ whose resistanee 
ehange reetifies the input RF eurrent, giving rise to a DC 
voltage that eorresponds to the input mierowave power [8]. 
Owing to the high TMR ratio, spin transfer torque, and voltage 
indueed magnetie anisotropy, the CoFeB/MgO/CoFeB-based 
MTJ mierowave deteetor shows high sensitivity eonparable to 
a eonventional Sehottky RF diode [9]. In addition, the 
mierowave frequeney ean be determined by the nature of 
ferromagnetie resonanee in MTJs, whieh removes the need of 
the mixer eireuit in eonventional RF diode deteetion. Besides 
the mierowave magnitude and frequeney, the phase deteetion 
has been demonstrated through using a single magnetie stripe 
[ 10 ]. 

In this paper, we present ourreeent studies on the MTJ spin 
dynamies under mierowave exeitation and the development of 
an MTJ-based on-ehip mierowave speetrum analyzer. Seetion 
II estabhshes the basie prineiples of using an MTJ to deteet 
mierowave power and frequeney. In seetion III, the potential 
appheation of the MTJ is extended to mierowave phase 
deteetion and speetrum analysis. By eombining MTJs in a 
simple mixing eireuit, the interferenee of two mierowave 
signals ean be deteeted. Seetion IV presents the eonelusions. 

II. MICROWAVE POWER AND FREQUENCY DETECTOR 

The resistanee of an MTJ depends on the relative angle 0 
between the magnetizations in two ferromagnetie layers: 
^_ R^p+Rp ^Ap-^p One of the magnetie layers (pinned 

layer) is fixed by the under-layers and the other magnetie layer 
(free layer) is free to rotate by an external magnetie field [11]. 
Figure 1 (a) shows a typieal TMR eurve of a MTJ with AlOx 
as the barrier layer. The MTJ has a 6% magneto resistanee 
(MR) ehange under a DC bias of 10 A. When the MTJ is 
e>q)osed to mierowave magnetie fields Qirf), the free layer 
magnetization preeesses and the angle 0 varies, resulting in a 
ehanging resistanee. As shown in Fig. 1 (b), with an MTJ 
initially eonfigured in a parallel eonfiguration, the resistanee 
of the MTJ has the lowest value (the red solid line). When the 
preeession starts, the non-eollinear magnetizations between 
the free layer and pinned layer always inereases the resistanee, 
giving rise to a higher average resistanee (the yellow dashed 
line). On the other hand, if the MTJ is eonfigured to be at an 
antiparallel eonfiguration in Fig.l (e), the initial resistanee of 


the MTJ is the highest. The magnetization preeession results 
in a redueed average resistanee. The ehange of the average 
resistanee is related to the magnitude of the mierowave 
magnetie field hr/, and the magnetie suseeptibility tensor x, 
whieh depends on the mierowave frequeney / external bias 
field Hex and the material properties of the MTJ. 


17.6 

17.2 

16.8 


■ ' 

AP 

• , p. J; 

(a) 


-100 -50 0 50 100 

Field(Oe) 



MTJ 




Tinie(ns) 



Time(ns) 

Fig. 1 (a) Typical TMR curves of MTJs. (b) Illustration of 
magnetization precession and resistance change in MTJ under 
microwave excitation with parallel (P) configuration, (c) Antiparallel 
(AP) configuration. 


When the mierowave magnetie field intensity is lower than 
the spin wave instabihty threshold, the preeession is linear to 
the applied mierowave magnetie field. 


The average resistanee ehange ean then be e^qiressed as 


( 3 ) 


where 0^ is the initial angle between the free and pinned 


layers. The mierowave-indueed resistanee ehange is 
proportional to the square of magnetie suseeptibility. 

An e^eriment is earried out to demonstrate sueh resistanee 
ehanges due to mierowave irradiation. In order to deteetthe 
small resistanee ehange, a loek-in teehniqueis developed. As 
shown in Fig. 2(a), a veetornetwork analyzer (VNA) is used 
as a mierowave soureeand an RF anplifier with nominal gain 
of 28 dB then anplifies the mierowave signal. The mierowave 
signal is fed into a eoplanar waveguide (CPW) with the width 
of the eenter line of about 50 pm. An MTJ is HthographieaUy 
patterned on top of the CPW eenter line on a silieon wafer. A 
typieal MTJ staekis 10 nm Cr/ 120 nm Cu/ 4 nm CoFe/ 15 nm 
IrMn/ 4 nm CoFe/ 2.3 nm AIOx / 20 nm NiFe (Py)/ 20 nm Cu/ 
50nm Au. The bottom eleetrode eontaining 10 nm Cr/ 120 nm 
Cu is used to pattern the CPW. When the mierowave signal 
propagates through the CPW, a mierowave magnetie field is 
generated on top of the CPW eenter line with direetion parallel 
to the x-axis . An eleetro magnet generates the DC bias 
magnetie field and the AC modulated field. The MTJ is biased 
by a eonstant eurrent souree and the voltage is monitored by a 
loek-in anplifier. Due to the modulation of the external 
magnetie field, the mierowave-indueed voltage ean be 
e>q)ressed as 


AF = /,, • A/? X \z[H + = \z[Hf + A//(0 + 
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The suseeptibility tensor X ~ 
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xy 


in a thin 
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magnetie film ean be derived from the Laudau-Lifshitz- 
Gilbert equation [12] as 
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[{y{H + H^+M^) + iqf){y(H + HJ + iaf) - f] 


^ yMMH + ddJ + i¥] 

[{y{H + H^+MJ + iaf){y{H + // J + iaf) - f] 
where Mg is the saturation magnetization, //is the external 
magnetie field, a is the danping eonstant, y is the 
gyro magnetie ratio, whieh is typieally 28 GHz/T, Ha is the 
effeetive anisotropy field, and f is the frequeney of mierowave 
input. 

Beeause of the strong demagnetizing effeet in magnetie thin 


the magnetization preeession of 


the free layer is exeited by the mierowave magnetie field as 
mfree(t) = X.,_free-Kfif) ( 2 ) 


Where A//(/) = A//q cos&>q/ is the AC modulation field. The 

first harmonie of the mierowave-indueed voltage is measured 
with a loek-in amplifier, as shown in Fig. 2(b). The resonanee 
frequeney and field have a relation deseribed by the Kittel 
equation, f = y^H{H + M • Therefore, the frequeney of an 

unknown mierowave signal ean be determined by seanning the 
field. There is a large peak in the vieinity of magnetization 
switehing and there is an overall drifting of the eurve from a 
positive field to a negative field. This is due to the 
magnetization switehing of the free layer and the 
misalignment of the pinned layer. A baekground signal may 
be used for ealibration when no mierowave signal is present. 
As shown in Fig. 2(e), the value of the seeond order harmonie 
term is of a similar order of magnitude as that of the first order 
term while having less baekground signal and narrower line 
width. In real applieations, the use of the seeond order 
harmonie term may be more praetieal than the use of the first 
order term It should also be pointed out that the magnitude of 
field modulation is only 1.5 Oe in the e^eriment. Praetieally, 
a mueh higher voltage signal ean be obtained when the 


magnitude of field modulation is elose to the ferromagnetie 
resonanee (FMR) line width of the MTJ. Aeeording to Eq. (3), 
the miero wave-in dueed voltage is proportional to hr/ and is 
thus linearly proportional to the mierowave power. The 
relation between the mierowave-indueed voltage and the 
nominal input mierowave power is shown in Fig. 2(d). By 
using CPWs of small signal line width, we ean signifieantly 
enhanee the deteetion dynamie range by easeading CPWs of 
different sizes, eaeh eontaining an MTJ deteetor. 
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Fig. 2 (a) Field-modulated mierowave deteetion. (b) Example of a 
mierowave-indueed voltage signal eurve. The nominal mierowave 
power is 20 dBm, and the nominal modulation field is 1.5 Oe with 
frequeney of 73 Hz. A strong peak is observed in the vieinity of 
magnetization reversal, (e) The 1st and 2rd harmonie signals at 
2GHz. (d) Power dependenee of mierowave-indueed harmonie 
signal at 2GHz. The x axis is log^rithmie. 


III. MICROWAVE PHASE AND SPECTRUM ANALYZER 

Traditionally, by feeding two mierowave signals into a 
mixer eireuit and deteeting the voltage at the output, the phase 
of the mierowave signal is determined. A similar prineiple ean 
also be inplemented in the MTJ-based mierowave deteetors 
but with a mueh sinpler eireuit. As indieated in Fig. 3 (a), a 
mierowave signal under the test of Aco/co^t + (p/j and a 
referenee mierowave signal of B co/co 2 t + (P 2 ) 
two CPWs with a eommon short at the eenter. 

The two CPWs are well isolated with eross talking less than 
-50 dB. Therefore, both of the mierowave signals get refleeted 
at the eommon short. As a result, the mierowave magnetie 
field generated at the eommon short is proportional to the 
linear superposition of the two mierowave signals 
A + qos{coA + mierowave-indueed 

voltage is proportional to the square of the total mierowave 
magnetie field as follows: 

AV cc (^Acos{co^t + B cos(co2t + P 2 )/ 

= ^ ^ ^ + AB eos[((Z)j - )^ + (A “ ^ 2 )] 

+ AB eos[(^Ui -\- a>2)t -\- + ^ 2 )] 

Based on this equation, a mierowave speetrum analyzer ean 
be realized. If the MTJ is exeited by two mierowaves with 


different frequeneies 1 and 2 , a beat signal proportional to 
ABcos{co^-co 2 )t can be generated aeeording to (5). This 
term has a very low frequeney when 1 and 2 are elose to 
eaeh other, and ean be easily deteeted. An e>r>eriment is 
earried out to demonstrate sueh an effeet, as shown in Fig. 
3(a). A signal under test and a referenee signal at 2.000060 
GHz are fed into the strueture and interfere at the MTJ. Under 
a eonstant eurrent bias, a beat signal is generated. The signal is 
then filtered, anplified, and deteeted in the time domain with 
an oseilloseope. When the mierowave signal under test has a 
nominal frequeney of 2.000062 GHz, the generated beat signal 
has a frequeney of about 2 kHz, whieh ean pass through the 
filter and be deteeted, as shown in Fig. 3(b). However, if the 
signal under test has a nominal frequeney of 2.000000 GHz, 
the beat frequeney would be 60 kHz, whieh is too high for the 
filter and no signifieant peak in the frequeney domain is 
observed. The random signal in the time domain eurve is due 
to the noise in the MTJ and other eleetronie instruments in this 
system. The Fourier transformation of this signal shows a 
sharp peak near 1750 Hz, whieh is in good agreement with the 
nominal value. The frequeney sensitivity in this eN)erimental 
demonstration is on the order of kHz, whieh is limited by the 
resolution of the band pass filter and the oseilloseope. The 
frequeney sensitivity ean be further improved with more 
sophistieated eleetronie instruments. 

With two mierowaves having the same frequeney, Eq. (5) is 
sinplified as 

AF = A±A+ ^5cos[(^i (6) 

The phase shifter in the referenee signal path determines the 
phase of the test signal as shown in Fig. 3 (e). The mierowave 
is first split into two branehes with a mierowave power 
divider. The left braneh is direetly fed into the left side of the 
CPW, while the right braneh goes through a mierowave phase 
shifter and fed into the right side of the CPW. The relative 
phase between the two mierowaves ean be eontinuously 
adjusted. In the experiment, the mierowave power is fixed at 0 
dBm and the frequeney is at 2 GHz. The voltage response has 
a sinusoidal dependenee with the additional phase differenee 
tuned by the phase shifter. A eontrol measurement is also 
performed by plaeing one of the mierowave probes onto an 
adjaeent identieal CPW pattern, as indieated in Fig. 3(d). The 
experimental result shows that there is a weak phase 
dependenee with a half periodieity due to dimensional 
resonanee, when the mierowave signal from one side of the 
CPW short is transmitted into the other side of the CPW. 
Inserting a mierowave isolator in the transmission line ean 
eliminate this multiple seattering of the mierowave signal. 



Fig. 3 (a) E?q)erimental setup for the demonstration of the MTJ as a 
mierowave phase and speetmm analyzer. The MTJ is biased with a 
eonstant eurrent souree, and the signal is filtered by a band pass filter 
and then amplified. The beat signal is deteeted by an oseilloseope. (b) 
Real time beat signals deteeted by the oseilloseope (left), and the 
Fourier transformations of the signals in frequeney domain (right). 
(e)Sehematies of the eireuit for mierowave phase deteetion. The MTJ 
responses to the interferenee of the two mierowaves, eorresponding 
to the “interferenee” eurve. The eleetrie deteetion eireuit is the same 
as in Fig. 1 and is omitted for simplieity. (d) Sehematies of the 
eireuit for eontrol measurement. The MTJ responds to the mierowave 
in eaeh braneh separately, eorresponding to the “left only” and “right 
only” eurves. 

IV. Conclusion 

In summary, we have performed a systematie study of the 
mierowave-indueed resistanee ehange in MTJs. The quadratie 
dependenee of resistanee ehange with respeet to mierowave 
magnetie fields makes MTJs potential mierowave deteetors. 
The deteetorhas its own unique features sueh as sensitivity to 
mierowave magnetie fields. By integrating a mixer eireuit, the 
mierowave phase and frequeney deteetion is demonstrated, 
making it possible to use an MTJ for an on-ehip phase and 
speetmm analyzer. 
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